INTRODUCTION
The DNA Ligase 4, and its obligate XRCC4 co-factor, are core C-NHEJ factors that each required for mouse lymphocyte development, due to essential roles in V(D)J recombination (1, 2) . Moreover, they are each required for neural development (2, 3) . Absence of either of these factors led to wide-spread p53-dependent death of newly generated neurons due to the inability to repair DSBs generated in neuro-progenitors (4, 5) . While p53 deficiency rescued XRCC4deficient neuronal apoptosis, the p53/XRCC4-double-deficient mice routinely died from medulloblastomas (MBs) with recurrent genomic rearrangements characteristic of those found in the sonic hedgehog sub-group of this human childhood brain cancer (6, 7) . The striking overlaps of these findings with those obtained for the same mutant genotypes with respect to effects on development of lymphocytes and cancers of progenitor lymphocytes led to speculation that specific DSBs may impact neural development or disease (8, 9, 10) . However, identification of such putative breaks was challenging with available technologies. To elucidate potential recurrent DSBs in developing neural progenitors, we employed the linear amplificationmediated, high-throughput, genome-wide, translocation sequencing (LAM-HTGTS) to map, at nucleotide resolution, DSBs in primary XRCC4/p53 deficient NSPCs based on ability to join to bait DSBs introduced by Cas9/sgRNAs (11) . Our initial LAM-HTGTS experiments on ex vivo propagated mouse neural stem and progenitor cells (NSPCs) employed HTGTS bait DSBs on 3 different mouse chromosomes and identified 27 recurrent DSB clusters that, strikingly, were nearly all in bodies of long neural genes and mostly only observed after treatment with aphidicolin (APH) to induce mild replication stress (11) .
To extend these studies, we exploited our finding that joining of two DSBs occurs more frequently if they lie on the same cis chromosome (12, 13) . Thus, we introduced DSBs into each of the 20 mouse chromosomes as baits for HTGTS libraries from control or APH-treated NSPCs (14) . This analysis confirmed previously identified RDCs and identified many more. Again, most RDCs were in genes and were identified upon NSPC treatment with APH to generate mild replication stress. Based on identification frequency with different baits and RDC-DSB density, we ranked relative RDC-gene robustness. On this basis, 19 originally identified plus 11 newly identified RDC-genes were highly robust (14) . Of note, four of these highly robust RDC-genes were identifiable in untreated controls, but became more robust with APH-treatment, consistent with ectopic replication stress augmenting an ongoing endogenous process (11, 14) . The great majority of highly robust RDC-genes are very long (>0.5Mb), variably transcribed, encode proteins that regulate synaptic function/cell adhesion, and have been associated with neuropsychiatric and development disorders and/or cancer (11, 14) . We categorized such genes as Group 1 RDCs. We also identified Group 2 RDCs that contain multiple genes with at least one greater than 80kb long, and Group 3 RDCs which are clusters of small (<20kb) genes. Group 2 and 3 RDCs are mostly less robust than Group 1 RDCs and also less frequently associated with neuropsychiatric and neurodevelopmental disorders (14) , and are not a focus of this study. Recently, LAM-HTGTS studies identified 36 DSB clusters in very long genes (analogous to group 1 RDCs) in human neural precursors cells derived from human-induced pluripotent stem cells, of which about 70% were orthologs of mouse RDC-genes (15) . Some RDCs overlap with common fragile sites (CFSs) and copy number variations (CNVs), that have been suggested to be fragile due to collisions between transcription and replication related processes in very long genes (11, 16, 17, 18) . However, detailed mechanisms that cause RDC-gene DSBs in neural progenitor cells largely remain to be elucidated. For example, given the variable levels of overall robust RDC-gene transcription (11, 14) , the precise role of transcription in RDC generation, or even if it is required, is an important, open question. Likewise, the question of when robust RDCs arise in the context of NSPC development and the factors, including stress, that promote their occurrence is also unknown.
Addressing such questions experimentally in primary NSPCs that arise in vivo during mouse development is very challenging technically. Therefore, to facilitate mechanistic and developmental studies of RDC-gene formation in NSPCs, we sought to employ an in vitro system for induction of neural progenitor cell (NPC) differentiation from embryonic stem cells (ESCs) (19) . Comparison of RDC-genes in ESCs to those in NPCs derived from them in vitro (ESC-NPCs) could provide insights into mechanisms that lead to robust RDC-occurrence during NPC development. Likewise, if RDCs arise de novo in such an in vitro differentiation system, targeted genetic modifications could be introduced to RDC-genes or their regulatory sequences in parental ESCs and assess effects on RDC formation subsequent to their induction to ESC-NPC or even to mature neurons in culture. Here, we report that robust RDC formation does indeed occur in ESC-NPCs generated form ESCs in culture.
RESULTS

HTGTS Bait DSBs to Identify RDCs in Embryonic Stem Cells.
In our initial RDC experiments, we identified RDCs in primary NSPCs via introduction of Cas9/sgRNA mediated bait DSBs into specific sites on 3 mouse chromosomes, including chromosomes 12, 15 and 16 (11) . To investigate if mouse ESCs also harbor RDCs, we used the same general strategy, with chromosomes 12 and 15 HTGTS baits as in the earlier experiments, along with a chromosome 7-specific bait DSB (SI Appendix, Table S1 ), instead of chromosome 16 HTGTS bait. For unknown reasons we did not achieve robust cutting with the chromosome 16-specific Cas9/sgRNA in ESCs. The Cas9/sgRNA constructs were individually introduced in Xrcc4−/−p53−/− ESCs (referred to as ESC Line 1) on one chromosomal site at a time. Based on our previous studies, the Xrcc4−/−p53−/− background leads to DSB persistence, which similarly to primary NSPC studies can facilitate detection of ESC RDCs (11, 14) . In each experiment, ESCs were treated with APH to induce mild replication stress or with DMSO (vehicle control). Experiments with each bait DSB were repeated four times and analyzed as described (11) . For HTGTS library data analyses, we applied our custom-designed RDCpipeline (20) , which identified 5 RDCs in the first tested ESC line (ESC line 1), and only appeared after APH treatment (Figs. 1A-C). These 5 RDCs were all located within genes (Figs.
1D-H). To corroborate these findings, we repeated the experiments in a second genotypematched ESC line (referred to as ESC line 2) and identified 5 APH-induced RDCs (Figs. S1A-C) that partially overlapped (3 of 5) with the set in ESC line 1 (Figs. S1D-H). S1D-H), with lengths ranging from 0.5Mb-1.6Mb (SI Appendix, Table S4 ). Three ESC RDCgenes (Auts2, Wwox and Fhit) were shared between both lines, but only Auts2 and Wwox were classified as robust RDCs based on high RDC DSB junction density and the fact that they were captured by all three different HTGTS-baits, (Figs. 1D,E; Figs. S1D,E). Fhit, along with the four ESC RDCs that were unique to each line, were considered weaker RDCs (lower DSB junctions and discovered by only two of the three baits), (Figs. 1F-H; Figs. S1F-H). Notably, the two unique RDCs in the ESC line 1(Gpc6 and Bai3) were both RDC-candidates in ESC line 2 (i.e. found with one HTGTS bait); while Dock1 a unique RDC in ESC line 2 was a candidate in ESC line 1 (SI Appendix, Dataset S2). We note that the majority of RDCs identified in both ESC lines (6 of 7) were identified in trans by DSB baits employed on chromosomes 12, 15 and 7 (Figs.
1D-H; Fig. S1D -F and H). Only Dock1, an RDC-gene in ESC line 2 resided on a baitchromosome ( Fig. S1G ). We also note that four RDCs (Auts2, Gpc6, Wwox and Fhit) overlapped with previously reported CNVs in ESCs (17) , supporting the notion that RDC DSBs may contribute to formation of CNVs in Xrcc4−/−p53−/− ESC lines (21) . Furthermore, these RDCs have been mapped as common fragile sites in human fibroblast lines (17, 22, 23) . Finally, all 7
RDCs identified in ESCs were identified as RDCs in prior NSPC studies (11, 14) and four (Auts2, Wwox, Gpc6 and Bai3) were also RDC-genes in ESC-NPCs (See below). Dock1, was an RDC-candidate in both ESC-NPC lines (SI Appendix, Dataset S3).
Identification of RDCs in embryonic stem cell-induced neural progenitor cells.
We differentiated both Xrcc4−/−p53−/− ESC line 1 and 2 into Xrcc4−/−p53−/− NPCs to test whether this process would lead to generation of NPCs that had formed additional RDCs compared to those in their parental ESCs. For both Xrcc4−/−p53−/− ESC lines, we employed immunofluorescence assays to confirm the differentiation of Xrcc4−/−p53−/− ESCs into NPCs based on lack of expression of an ESC-specific Oct4 and gain of expression of the NPC-specific Sox1 and Nestin markers ( Fig. S2A ). We further tested Xrcc4−/−p53−/− ESC-derived NPCs (Xrcc4−/−p53−/− ESC-NPCs) by measuring their ability to give rise to neurons in a monolayer differentiation culture system (19) . After 10 days in culture medium supplemented with retinoic acid, Xrcc4−/−p53−/− ESC-NPCs downregulated Sox1 and gained expression of neuronal-specific markers NeuN and β-III tubulin (Fig. S2B ). To test the ability of Xrcc4−/−p53−/− ESC-NPCs to generate RDCs, we performed HTGTS based on Cas9/sgRNA specific bait DSBs introduced into chromosomes 12, 15 and 7, as described above for ESC HTGTS experiments. Each experiment also was done with or without APH treatment, repeated four times, and analyzed as previously described (11 ,14) . For Xrcc4−/−p53−/− NPCs derived from ESC line 1, we identified 22
RDCs (SI Appendix, Dataset 1), which, as for primary NSPC RDCs, were enhanced by replication stress ( Figs Table S4 ). The other two RDCs were classified as Group 2 (Tpgs2/Celf4), and Group 3 (Ackr2/1700048O20Rik) RDCs (SI Appendix, Table S4 ). Similar to RDCs identified in primary NSPCs (11, 14) , DSBs in ESC-NPCs RDC-genes map broadly across the length of the RDC-gene transcription unit, We also identified many RDC-candidates in both ESCs and ESC-NPCs based on junctions with one bait, with the majority of these weak RDC-candidates residing, as expected, on a baitcontaining chromosome (SI Appendix, Dataset S2; S3). It is possible that additional ESC and ESC-NPC RDCs would be confirmed if we employ baits from all chromosomes for analyses; but we also note, in this regard, that such an analysis only increased the number of detected robust NSPC RDCs to 30 versus the 19 detected in a three HTGTS bait analysis (11, 14) . together with our primary NSPCs studies (11, 14) indicate that transcription levels of RDCgenes per se have no obvious correlation with RDC formation in them.
Transcription activity of RDC-genes in embryonic stem cells and neural progenitor cells.
DISCUSSION
There are many fundamental questions related to molecular mechanisms that give rise to DSBs within RDC-genes in primary NSPCs that remain unanswered, in part due to difficulty in studying this phenomenon in primary cells from mice. We now show that induced development of NPCs from ESCs in vitro leads to the formation of a robust set of NPC specific RDC-genes, many of which overlap with robust RDC-genes in primary NSPCs. Therefore, the in vitro NPC differentiation system will offer a rapid approach to target and test genetic modifications in ESCs and then test their effects on robust RDC formation in ESC-NPCs. In some cases, mutations of interest could further be tested by differentiating the ESC-NPC cultures to neurons (19) or by using the ESCs for neural blastocyst complementation in vivo studies (24) . The ESC-NPC differentiation studies showed that a large number of robust RDCs are absent in ESCs and only appear upon differentiation of ESCs into NPCs. Moreover, 26 of 36 replication-stress susceptible DSB ' hot spot' genes identified in human-induced pluripotent stem cell-derived neural precursor cells were orthologs of primary mouse NSPC RDC-genes (11, 14) ; and, 12 were orthologs of robust ESC-NPC RDCs identified in this study (15) . These studies suggest that robust NPC RDCs are mostly cell type-specific and are developmentally influenced to occur in neural-specific genes in both human and mouse NPCs (15, this study). In this regard, further studies with ESC-NPC differentiation system to elucidate mechanisms underlying RDC formation should also be relevant to RDC formation in human NPCs.
We know that the majority of highly robust NSPC-RDCs and, now, ESC-NPC RDCgenes tend to arise in very long, transcribed neural genes associated with specific brain functions (11, 14, this study) . Early studies performed on mouse ESCs and human fibroblasts found both spontaneous and replication-induced CNVs which were linked to long genes that were actively transcribed and late replicating (17, 21) . A majority of mouse hotspot CNVs were also (CFSs) in human fibroblasts (22, 23) . These studies led to speculation that mechanisms of breakage and CNV formation may involve collisions between the replication and transcription machinery that would be accentuated due to the long replication time of long genes (16, 17, 18, 25) . Furthermore, because a subset of the robust primary NSPC and ESC-NPCs RDC-genes overlapped with mouse ESC CNVs and human fibroblast CFSs, it was proposed that this mechanism could potentially apply to RDC-gene formation (11, 14, 17) . Yet, both our prior NSPC and current ESC-NPC RDC studies indicate that there is no direct relationship between robust RDC occurrence and the relative level of RDC-gene transcription. However, it is possible that very low transcription is sufficient for robust RDC formation. We can now directly test this notion by disrupting transcription of both highly and weakly transcribed robust RDC-genes in the in vitro NPC differentiation system and, if warranted by results, employ additional gene targeted mutational approaches to further test the potential roles of transcription. Studies could also be readily envisioned to employ the NPC in vitro differentiation approach to test other factors related to robust ESC-NPC RDC formation including potential roles of gene length, replication timing, and replication stress.
MATERIALS AND METHODS
Cell culture and LAM-HTGTS Bait DSB Induction.
We used two genotype-matched, de novo derived embryonic stem cells that were Xrcc4−/−p53−/− for the described studies. ESC-NPCs were generated as described (19) 
LAM-HTGTS.
LAM-HTGTS Libraries were prepared as described previously (11, 14, 20) and sequenced on Illumina Mi-Seq and Next-Seq. Reads from demultiplexed FASTQ files were aligned to the genome build mm9/NCBI37 through Bowtie2 and processed through the HTGTS pipeline (20) . In each library, only unique junctions were preserved for the RDC identification. SI Appendix, Table S3 lists the number of junctions for each experiment.
RDC Identification.
A SICER-based, unbiased, genome-wide method and a MACS-based method were both applied to identify APH-induced RDCs in Xrcc4−/−p53−/− ESCs and Xrcc4−/−p53−/− ESC-NPCs as described previously (11) . RDC robustness score (RRS) was calculated as previously described in (14) . Details are also provided in SI Appendix, Materials and Methods.
GRO-seq.
GRO-seq libraries were prepared as previously described (26) -NPC 74  13  40  14  32  31   20  81  92  23  7  15  37  33  49  53  31   15  21  36  23  52  43  28  15  45  36 NPCs were treated with 0.5 μM APH (Sigma) or diluted DMSO (1:590) DMSO for 72 hours.
APH concentration was reduced to 0.25 μM for another 24 hours, and genomic DNA was extracted for HTGTS library preparation.
Neuron differentiation.
For in vitro NPC-neuron differentiation, 4x105 NPCs were seeded onto PLO/LMN-coated 12 mm coverslips. Cells were maintained in the neural differentiation medium (N2B27 supplemented with 25mM retinoic acid). Medium was refreshed daily. Cells were fixed at day 10 for immunocytochemistry staining.
Immunofluorescence staining.
ESCs, ESC-NPCs and ESC-NPC-derived neurons were fixed in 4% paraformaldehyde at room temperature for 10 minutes. Cells were washed with DPBS three times and permeabilized by 0.5% Triton-X-100 for 5 minutes at room temperature. 
GRO-seq.
GRO-seq libraries were prepared as previously described (4). 5-8x106 nuclei were used for per GRO-seq library. GRO-seq data were aligned to mouse genome build mm9/NCBI37 by Bowtie2 and non-redundant, uniquely mapped sequence reads were retained. De novo transcripts were identified and gene expression levels were estimated as previously described (4) . We randomly selected 10 million GRO-seq sequences from ESCs or ESC-NPCs libraries for comparative illustrations shown in Fig. 3 and in supporting Fig. 4 . We calculated RPKM based on the length of longest transcript information extracted from RefGene. The average RPKM value (mean ± SD) from three independent GRO-seq experiments are shown in Fig. 3 , supporting Fig. 4 and supporting Table 4 .
RDC Robustness Score.
As described previously (3), we used multiple comparison testing corrected P-value and the number of trans-chromosomal HTGTS baits that successfully identified a given RDC to determine the RDC robustness score (RRS).
Replication Timing Analysis.
A custom Python script (2) was used to calculate median replication timing ratios of genomic regions based on mouse ESC-NPC Repli-chip data (5, 6) . We apply log value 0.5 as cutoff for early replicating genes and minus 0.5 for late replicating genes, respectively.
Identification of sgRNA Off-Target Sites.
Translocations between Cas9:sgRNA on-and off-target DSBs were identified by the MACS2 algorithm as previously described (2) . The off-target sequences must have ≥ 30% similarity to the on-target sgRNA sequences and be found at least twice in the replicate experiments. 
Dataset S1, Supplemented as Excel file:
The dataset provides information about RDCs identified in ESCs and ESC-NPCs. The SICER-determined RDC coordinates (columns A to C), the group of given RDC (column D), the genes that are greater than 80 kb within given RDCs (column E), the location of chromosomal 
Dataset S3, Supplemented as Excel file:
The dataset shows the information about RDCs candidates identified by the Chr-7, Chr-12, or Chr-15 HTGTS-baits in two ESC-NPC lines. -NPC 87  65  24  24  45   96  94  29 14  20 31  63  24  23  8  69  47  26 33  18  68  22  44   27  37  61 19  82  21 
FDR adjusted MACS-based P-value FDR adjusted MACS-based P-value FDR adjusted MACS-based P-value
